We make the case that phosphorus (P) is inextricably linked to an increasingly fragile, interconnected, and interdependent nexus of water, energy, and food security and should be managed accordingly. Although there are many other drivers that influence water, energy, and food security, P plays a unique and underrecognized role within the nexus. The P paradox derives from fundamental challenges in meeting water, energy, and food security for a growing global population. We face simultaneous dilemmas of overcoming scarcity of P to sustain terrestrial food and biofuel production and addressing overabundance of P entering aquatic systems, which impairs water quality and aquatic ecosystems and threatens water security. Historical success in redistributing rock phosphate as fertilizer to enable modern feed and food production systems is a grand societal achievement in overcoming inequality. However, using the United States as the main example, we demonstrate how successes in redistribution of P and reorganization of farming systems have broken local P cycles and have inadvertently created instability that threatens resilience within the nexus. Furthermore, recent expansion of the biofuels sector is placing further pressure on P distribution and availability. Despite these challenges, opportunities exist to intensify and expand food and biofuel production through recycling and better management of land and water resources. Ultimately, a strategic approach to sustainable P management can help address the P paradox, minimize tradeoffs, and catalyze synergies to improve resilience among components of the water, energy, and food security nexus.
50% by 2025, driving increased demand for animal feed by 42% (Maligreau et al., 2012) . To meet these demands, it is projected that farmers will need to increase grain production by 50% by 2025 (World Economic Forum, 2011) . By 2050, the global population will reach 9 billion, and it is expected that demand for P fertilizers will be around 2.4 times the 2000 level (Tilman et al., 2001; Godfray et al., 2010) .
Central to meeting the water, energy, and food security demands of a growing and more affluent global population is a fundamental P paradox (Lougheed, 2011) : first, scarcity of P as a key limiting resource for food and biofuel production; second, overabundance of P entering aquatic systems from agricultural production and food consumption, which impairs water quality, undermines the health of aquatic ecosystems and threatens water security.
Phosphorus Scarcity for Food and Biofuel Production
The availability and use of P (and N) fertilizers have opened vast tracts of otherwise unproductive farmland, reducing undernourishment, promoting economies of scale, and facilitating a shift to modern urbanized life styles. However, the raw materials for manufacturing these two types of fertilizers are very different. Unlike N 2 , which is a renewable atmospheric resource abundantly available across the globe, rock phosphate is a nonrenewable geological resource. There are two facets to P scarcity. First, there are concerns over future P scarcity, including the longevity of phosphate-rock supplies and the fraction of total supply that is economically and geopolitically feasible to extract (Cordell and Neset, 2014; Elser et al., 2014) . Economically extractable supplies are geographically very limited, and, although the longevity of supplies is uncertain, recent analyses extend the time frame of current reserves to only around 300 yr using modern mining technologies (Scholz and Wellmer, 2013) . The second facet involves current P scarcity. Despite the successes in achieving global P distribution, profound inequalities remain (Vitousek et al., 2009) , with P deficits occurring across 30% of global cropland (MacDonald et al., 2011) . Indeed, the poverty and food insecurity across the developing world is largely coincident with P deficits in agricultural soils, as illustrated by efforts to quantify P reserves globally (e.g., MacDonald et al., 2011) . showing the pivotal role of P within the water-energy-food security nexus. Within this P-based nexus, ecosystem services provide key pillars of support for water, energy, and food security. These include provisioning services that underpin food and biofuel production and regulating services such as water purification and water quality regulation, which are provided by aquatic ecosystems. The nexus is dynamic: external drivers such as population growth, climate change, economics, and changing markets within an increasingly globalized economy exert changing pressures on supply, demand, and environmental impact, altering nexus stability.
Phosphorus Overabundance Impairing Water Quality and Security
As global P fluxes have expanded, the availability of cheap P fertilizers has resulted in patterns of P use that have become increasingly inefficient and dissipative (MacDonald et al., 2011; . It is estimated that <20% of P mined for fertilizer reaches the food products consumed (Neset and Cordell, 2012) , and only around 10% of the P in human wastes is recycled back onto agricultural land (Elser and Bennett, 2011) . These inefficiencies have resulted in accelerated losses of P and in an overabundance of P entering and degrading aquatic ecosystems (Carpenter et al., 1998; Jarvie et al., 2013b) . Excessive harmful and nuisance algal growth and water-body hypoxia are now a global cause of water quality impairment, threatening water security and environmental and human health (Anderson et al., 2002; Dodds et al., 2009) .
Managing both sides of the P paradox more efficiently and sustainably to ensure water, energy, and food security for future generations is set to become a global imperative. Although these challenges are global in extent, they vary regionally, according to differing P availability and use, land and water management, and priorities in food and biofuel production (Vitousek et al., 2009; Haygarth et al., 2014) . For example, in China, rapid economic and population growth and urbanization have resulted in dramatic shifts in agricultural food and biofuel production (Koizumi, 2013; Gandhi and Zhou, 2014; Lu et al., 2015) . In China, nexus challenges center on the large buildup in soil P and losses to the environment from animal production (Wang et al., 2011) . In Europe, which has no significant indigenous phosphate rock reserves, a major focus is addressing potential future P scarcity and reducing dependence on foreign P imports. Efforts are underway to increase efficiency in P use through recovery of P from waste streams and recycling . In contrast, food and biofuel production across Africa is severely limited by soil P deficiency (Sanchez, 2010; Van der Velde et al., 2014) . Although around 80% of estimated global rock phosphate reserves are located in Africa ( Jasinski, 2015) , poor fertilizer distribution and transport, along with low trade volumes, result in high fertilizer costs and poor accessibility to fertilizers, particularly in sub-Saharan Africa (Syers et al., 2011) . Applications of P to fields often do not replenish removal in crop harvest, and around three quarters of African soils are now depleted in nutrients (Henao and Baanante, 2006; Vitousek et al., 2009) . Consequently, African crop yields are only around one quarter of the global average, and replenishing soil fertility is recognized as the primary requirement to improve food security across the continent (Henao and Baanante, 2006; Van der Velde et al., 2014) .
Here, we provide a first step in delineating and organizing some of the emerging P nexus issues and challenges into a strategic framework. Using data and case study examples, mainly from the United States, we explore (i) how historical success in redistributing rock phosphate to enable modern feed and food production systems has broken local P cycles, inadvertently creating new inequalities that create instability and threaten resilience within the nexus; (ii) how recent expansion of the biofuels sector is creating new pressures on P distribution and availability within the nexus; (iii) how practices that intensify and expand food, biofuel, and fiber production have created tradeoffs but also offer new synergies to better manage land and water resources; and (iv) how sustainable P management can help address the P paradox, minimize tradeoffs, and catalyze new synergies to achieve improved resilience in water, energy, and food security.
Breaking the Phosphorus Cycle: How Redistribution of P Has Created New Inequalities That Threaten Resilience in Water, Energy, and Food Security Modern fertilizer and feed distribution systems are a marvel of supply chain management. Moving refined forms of P from high-quality, inexpensive sources has been the foundation of all forms of modern agricultural production systems, helping to sustain dramatic yield increases. Importing fertilizer P enabled the reclamation of Brazil's Cerrado Region, the source of the world's largest soybean [Glycine max (L,) Merr.] crops, and the expansion of China's agricultural base to improve national food security for the world's largest population (Syers et al., 2011) . In the last 40 yr, global food production has more than doubled to meet the demands of rapidly growing and increasingly urban populations (Khan et al., 2009) . During this time, global P fertilizer use has increased by 350%, which has led to greater food security but has also required a fundamental restructuring of farming into economically optimized industrial food production systems (MacDonald and McBride, 2009; Potter et al., 2010; MacDonald et al., 2012) . Mixed livestock and crop farming systems (where P was recycled locally) have given way to geographically specialized farming systems, dependent on large-scale transfers of P from mineral reserves to geographically distinct areas of grain and animal production and human consumption (Sharpley and Jarvie, 2012; Jarvie et al., 2013a) . Consequently, environmental flows of P have accelerated 4-fold over the last 60 yr (Childers et al., 2011) , with profound implications for P cycles and wider, long-term nexus stability.
As a regional example, Fig. 2 shows the impacts of this agricultural restructuring on the spatial distributions of P across the United States. Areas of intensive livestock production ( Fig.  2a) and cities ( Fig. 2b) have become the major hubs of waste P production from manure and human waste. Major foci of manure P production occur in the beef feedlots in California and the Texas panhandle; in the dairy farms of Wisconsin and Idaho; in the integrated poultry operations of Arkansas, Georgia, and Maryland; and in the swine farms of North Carolina, Iowa, and Wisconsin (Fig. 2a) . These areas of surplus P from manure are on a par with the large and increasingly concentrated P production of the major cities, which are the focus of human food P consumption and associated sewage and food waste accumulation (Fig. 2b) . Because almost 100% of dietary P intake by humans is excreted ( Jönsson et al., 2004 ), wastewater provides a major source of P, with per capita P excretion of approximately 2.7 g P d -1 (USEPA, 2002) . These areas of human and livestock P production are geographically distinct from areas of greatest demand for inorganic P fertilizers for crop production in the Midwest and Mississippi Valley (Fig. 2c ).
When areas of P production (the sum of livestock and human P production) and fertilizer P demand are juxtaposed (Fig. 3) , some of the inherent difficulties in recycling P within our food production systems become apparent. Areas of P demand for grain production in the Midwest and Mississippi River valley are located hundreds of miles away from the major cities and intensive livestock producing areas where waste P is produced. This means that a large proportion of P in animal manures and urban wastes is no longer recycled back to land where the feed grain was produced (Kleinman et al., 2012) . Production of livestock using imported feed now accounts for around half of the grain produced in the United States and 40% of global grain production (Food and Agriculture Organization of the United Nations, 2012). As greater specialization of farming continues, areas of grain production are becoming almost entirely dependent on inorganic P fertilizers, rather than recycled P from manure and human wastes. This reliance on inorganic P fertilizers has implications not only for long-term P security but also for soil carbon and soil health. Recycling of organic carbonrich manure or biosolids wastes sustains vital underpinning ecosystem services by enhancing microbial activity and nutrient cycling, retaining soil moisture, and reducing soil erosion.
In fact, there is currently ample P produced in manure and human waste in the United States to satisfy P demand for crop production. In 2010, the total P produced by livestock and humans in the United States exceeded the national P fertilizer demand by around 1.3-fold. A myriad of opportunities and barriers exist for recycling waste P produced in the cities and livestock production areas to productive cropland where P is most needed (Kleinman et al., 2012) . However, energy costs for transport and recycling P in raw manure and sewage biosolids (relative low-value products with high water content) back to areas of grain production are often prohibitively high (Kleinman et al., 2012; Withers et al., 2014) . This has become a major constraint on closing the P cycle at regional, national, and global scales (Schipanski and Bennett, 2012; Sharpley and Jarvie, 2012) . Limited practical options exist for the disposal or processing of these P-rich wastes, resulting in local accumulation of P, exceeding crop and pasture needs. Continued land application near production areas at levels of P greater than crop removal is increasing P losses in areas of intensive livestock farming. This impairs water quality, limiting water use and reducing water security (Kingery et al., 1994; Kleinman et al., 2007; Sharpley et al., 2007) . These new inequalities in P production and demand are tipping the balance within the nexus toward greater P losses to the environment, reducing water security, and have accelerated demand and dependency on inorganic fertilizers and finite nonrenewable phosphate rock resources.
A Burgeoning Biofuels Industry: Creating New Pressures for Phosphorus Sustainability and Nexus Stability?
Phosphate fertilizers are now supporting and sustaining an increasingly important source of renewable biofuel energy through widespread cultivation of first-generation biofuel crops, including sugarcane (Saccharum officinarum L.), wheat (Triticum aestivum L.), corn (Zea mays L.), and sugar beet (Beta vulgaris L.) as feedstocks for bioethanol production and rapeseed, soybean, and palm oil for biodiesel production (Balat and Balat, 2009; Hein and Leemans, 2012) . Governments across Europe, North and South America, Asia, and Africa have introduced mandates to expand biofuel production to boost national energy security and to reduce reliance on fossil fuels (Robertson et al., 2008; Tilman et al., 2009; Walker, 2009 ). There are currently ambitious targets for expanding biofuels production and use in the coming decade (Hein and Leemans, 2012) . At a global scale, increasing demand for biofuels has outstripped increases in supply, thus squeezing availability for food production (Wright, 2014) . Furthermore, although biofuels contribute to energy security, production of biofuel feedstock crops competes with food production for water and land, increasing the commodity process and potentially lowering the resilience of food production systems (Rosegrant et al., 2008; Rathmann et al., 2010; Hein and Leemans, 2012) . A growing biofuels sector also has implications for nexus stability through accelerated use of finite inorganic P resources and risks of increased P losses, water quality impairment, and water security (Simpson et al., 2008) . of corn production, and biodiesel had risen to >20% of soybean oil production (Fig. 4a ). This corresponds with a >700% increase in the use of corn for bioethanol and a >10,000% increase in soybean oil use for biodiesel between 2000 and 2014. Despite this dramatic surge in biofuel production, there were relatively small increases in acres planted, production, and yields. At most, soybean and corn acreage increased by approximately 4% and approximately 22%, respectively, but with a high degree of interannual variability. Production of soybean oil during this time increased by up to 20% and corn production increased by up to 40%, whereas yields of both crops increased by up to approximately 30% (Fig. 4a, b ). Since 2000, there has been no evidence for any major increases in P fertilizer application rates, although there is some indication that P fertilizer applications to soybean may have risen after 2009, after the dip in use of P fertilizers in 2008 caused by the spike in world fertilizer and oil prices (Fig. 4d) . The dramatic expansion of corn and soybean use for biofuel feedstocks therefore likely occurred at the expense of production of animal feed and food. The increased demand for corn and soybean for biofuel feedstocks also corresponded with a 270% increase in corn prices and a 230% increase in soybean prices, which peaked in 2012 (Fig. 4c) . It is estimated that biofuels may account for at least a third of the recent increase in agricultural commodity prices (Rathmann et al., 2010) .
Rising commodity prices can encourage farmers to increase production and yields at the expense of conservation measures, and this can unintentionally accelerate P loss and other adverse environmental consequences. For example, biofuel production also has the potential to accelerate P loss through expansion of tile drainage to increase land productivity and farmable acres. Furthermore, although the increases in corn and soybean acreages have been modest, a proportion of these new acres has been on set-aside or Conservation Reserve Program acres, where Government approval was given to break conservation contracts (Chen and Khanna, 2011; Clark et al., 2013) . By nature of being set-aside, these new acres generally include environmentally sensitive areas that are more vulnerable to nutrient loss than non-set-aside land (Robertson et al., 2008; Simpson et al., 2008; Tilman et al., 2009) . Further, the by-products of processing and solid wastes (e.g., distillers grain) are highly enriched with P (Hein and Leemans, 2012) and require careful management to minimize P losses to surface waters (Simpson et al., 2008) and to avoid unintentionally introducing other contaminants (e.g., metals and biotics) into the ecosystem (Vohla et al., 2011) . These by-products also offer opportunities for recycling, which may help to offset the P demands of biofuel crop production. However, the creation of colocated livestock operations with biofuel production to take advantage of distiller's grain as animal feed can also create new areas of localized P accumulation in manures, which have the potential to undermine nexus stability (Simpson et al., 2008) .
Maximizing Synergies for Water, Energy, and Food Security through Sustainable Intensification
The concept of an interdependent water-energy-food security nexus requires a radical shift in thinking from separate water, energy, and food policies to a more holistic approach (Olsson, 2013; Ringler et al., 2013; Perrone and Hornberger, 2014) . Interventions designed to improve individual security spheres within the nexus can sometimes affect, or worsen, other interventions, resulting in unintended, unexpected, and undesirable consequences or tradeoffs. By considering wider nexus interconnections and interdependencies, there may be opportunities to reduce tradeoffs and find solutions that help optimize water, energy, and food security in a more balanced and coherent manner (Bazilian et al., 2011; Lawford et al., 2013) .
A multitude of tradeoffs for water security and sustainable P management have arisen as a result of drives to increase crop yields for food security and biofuel energy (Table 1) , many of which are outlined above. However, through "sustainable intensification" (Pretty et al., 2011; Petersen and Snapp, 2015) , a range of policy opportunities, techniques, and technologies are emerging that may help to increase agricultural output while reducing negative environmental impacts, and improving ecosystem services (Table 1) .
Improved soil and land management will play a central role in increasing P use efficiency and securing synergies across water, energy, and food security sectors. Beneficial management practices (BMPs) are designed to protect and enhance soil Table 1 . The role of phosphorus in the water, energy, and food security nexus connections, and examples of nexus tradeoffs and synergies.
Nexus connection
The role of P Examples of potential Nexus tradeoffs Examples of potential Nexus synergies through sustainable intensification Food and water Phosphorus fertilizers have increased food security, supporting global population growth and raising living standards. Phosphorus loss throughout the food production chain has caused widespread eutrophication.
From increasing food security: Water quality and security tradeoffs from increased risks of P loss, linked to • Increasing production yields through increased fertilizer applications and land drainage • Expanding agricultural production into marginal areas: increases soil erosion and P loss, with longer-term tradeoffs for soil C, and ecosystem services that support food production and clean water • Industrialization and geographical specialization of agriculture has reduced local P recycling and increased reliance on inorganic P fertilizers.
From more sustainable P management:
• Agricultural beneficial management practices can help protect and enhance soil structure and fertility, minimize P losses, and increase water use efficiency.
• Recovery and recycling of P from manure and wastewater (e.g., through enhanced value products such as struvite and fortified fertilizers) will help close the P cycle, enhancing food security and reducing reliance on imported inorganic P fertilizers.
Water and energy
Phosphorus fertilizers have increased agricultural energy and water demand through the intensification of grain and meat production. Phosphorus fertilizers now sustain a rapidly growing biofuels industry, based on grain ethanol and biodiesel.
From increasing energy security through biofuel production: Water quality and security tradeoffs can arise from poor P-use efficiency in commercial biofuel operations, including:
• Increasing pressure for biofuel corn and soybean production in marginal areas • Overfeeding of P to livestock when by-products from biofuel processing are used as animal feed From better land management:
• Ensuring landscape suitability and sustainability for biofuel grain so that biofuel crops are grown in the right place to maximize yields while minimizing soil erosion and P loss • Capitalizing on wider landscape diversity to support a greater range of biofuel crops (e.g., second-generation perennial cellulosic biofuel crops, such as grasses and woody plants, can help decrease P loading to surface waters and increase soil C in less productive areas) Food and energy Food and biofuel energy production are both reliant on inputs of P, which cannot be substituted by any other chemical element.
From competition between food and biofuel crop production and conservation management:
• Biofuel crops directly compete with food crops for land and water resources, increasing food prices with tradeoffs for food security in countries reliant on food imports.
•
Increased commodity prices can incentivize farmers to increase production and yields at the expense of conservation measures, with tradeoffs for soil and water security.
From recycling and utilizing waste as a resource, including:
• Colocating concentrated animal feeding operation near biofuel processing plants to utilize waste products of biofuel production (e.g. distiller's grain) as animal feed (without overfeeding P), increases the efficiency of P use, minimizing P losses.
Energy generation from anaerobic digestion of animal wastes as part of the process of sustainable recycling of manures structure and fertility and minimize P losses, increasing the resilience of provisioning and regulating ecosystem services that support food and biofuel crop production and sustain water quality. Beneficial management practices include a range of carefully targeted conservation and nutrient management programs to address P sources (e.g., rate, method, and timing of applied P) and transport controls (e.g., conservation tillage, contour plowing, and riparian buffers). Critically, there is no single magic bullet, and the site-specific nature, combinations, and implementation of BMPs will vary according to characteristics of the land, climate, farming system, time of year, and farmer preferences. Furthermore, some BMPs that yield beneficial nexus synergies in some settings can result in tradeoffs in other settings. The design and implementation of BMPs must be carefully targeted to local conditions and must take account of other land management practices. For instance, conservation tillage (i.e., no till and reduced till) maintains and enhances organic matter accumulation and soil structure, promoting aeration and water infiltration and thereby reducing surface runoff. This delivers multiple benefits for the provisioning and regulating ecosystem support pillars of the water, energy, and food security nexus. Similarly, cover crops used to protect bare or fallow soils during the winter can contribute to improved soil health by further reducing erosion losses and increasing soil C cycling (Sorensen et al., 2014) . However, tradeoffs can arise from conservation tillage if broadcast fertilizer and manure P are allowed to accumulate at the soil surface, which can increase dissolved P runoff (Kleinman et al., 2011b; Sharpley and Smith, 1994) . Additionally, risks of subsurface transport of dissolved P are of increasing concern, through vertical leaching of dissolved P via preferential flow pathways, including the macropores and earthworm burrows, which are promoted by reduced tillage. Where subsurface drainage intercepts vertical leaching pathways, the risks of dissolved P loss in subsurface drainage can be dramatically enhanced (Smith et al., 2015a) . Also, conservation tillage, cover crops, and perennial forage crops can increase P losses from plant residues after freezing and thawing in cold climates (Tiessen et al., 2010; Bechmann et al., 2005; Riddle and Bergstrőm, 2013; Liu et al., 2014) . Opportunities also exist to capitalize on wider landscape diversity to support a greater range of biofuel crops, with multiple ecosystem benefits. For example, second-generation perennial cellulosic biofuel crops (grasses and woody plants) can be grown in less productive areas, such as riparian zones, with minimal fertilizer, pesticide, and fossil energy inputs (Meehan et al., 2013; Werling et al., 2014) . These may help provide multiple environmental benefits, including provisioning and regulating ecosystem services. For example, decreasing P loading to surface waters can increase below-ground carbon sequestration, although there may be both positive and negative impacts for biodiversity (Robertson et al., 2008; Tilman et al., 2009) .
Recycling offers the greatest opportunities for closing the P cycle and providing multiple nexus benefits. These opportunities include reducing losses to surface waters in cities and areas of intensive livestock production and recycling P to P-deficient soils to improve crop production for food, feed, and biofuel . Phosphorus security concerns, rising fertilizer costs, and the growing imperative to increase the efficiency of P use and management are stimulating new technologies and synergies in recycling manure, wastewater, food, and biofuel waste (Mehta et al., 2015) . Making P recycling cost-effective will depend on achieving economies of scale and optimizing technologies of production and on building markets for these recycled products. Here, tradeoffs associated with P accumulation in areas of intensive livestock production and in urban areas might actually be turned around. For example, economies of scale associated with the spatial concentration and specialization of intensive livestock operations can offer cost-effective opportunities for manure processing and production of higher-value recycling products (DeVuyst et al., 2011; Mehta et al., 2015) .
Recycling may be increasingly achieved through integrated livestock and cropping systems and through collaboration and colocation of specialized livestock, crop production, and biofuel processing plants, which create local markets for recycled products. This integration of livestock and crop production systems as a framework for future agricultural development has been espoused over the last decade (Franzluebbers and Steudemann, 2007; Rota and Sperandini 2009; Russelle et al., 2007) . For example, by-products from biofuel processing plants, including dry distiller's grain (0.8-0.9% P), are increasingly being recycled as a source of high-energy and high-protein animal feed as an alternative to corn (0.3% P), helping to close the P cycle (DeVuyst et al., 2011; Jesson, 2011 ). Colocation of concentrated animal feeding operations with biofuel processing industries capitalizes on an abundant supply of high-value recycled feed at low cost, relative to imported corn and soybean meal (Hart and Carriquiry, 2007 ). Distiller's grain is also sufficiently rich in digestible P that it can substitute for inorganic P supplements in feed, an expensive ingredient in poultry and livestock rations (Hoffman and Baker, 2011) . However, attention is needed to balance the use of distiller's grains in animal feed to ensure dietary intake of P does not exceed nutritional requirements. Greater use of these by-products also has the potential to exacerbate regional P imbalances in livestock and poultry production and to increase the concentration and environmental availability of P in manure (Ebeling et al., 2002; Baxter et al., 2003; Maguire et al., 2004; Simpson et al., 2008) 
Nexus Challenges for Phosphorus Management: An Example of the Lake Erie Watershed
Over the last decade, the re-eutrophication of Lake Erie has been directly linked to increasing fluxes of dissolved P from the major tributaries including the Maumee and Sandusky Rivers (Michalak et al., 2013; Baker et al., 2014; Kane et al., 2014; Scavia et al., 2014; Smith et al., 2015b) . Between the early 1980s and mid-1990s, land in these watersheds was converted to no-tillage to reduce soil erosion and P losses. Initially, no-till was highly effective in decreasing total P losses (Baker and Richards, 2002; Richards et al., 2009 ). However, river dissolved P fluxes started to rise in the early 2000s and have risen steadily since then, increasing the magnitude and frequency of nuisance and harmful algal blooms in Lake Erie Kane et al., 2014; Scavia et al., 2014) . As noted above, the effectiveness of no-till and the risks of dissolved P losses are often highly dependent on other land management practices. During this time, other drivers came into play: biofuel mandates increased demand for corn and soybean production, raising commodity prices. Higher prices encouraged farmers to install subsurface tile drains to improve yields. Tile drains increased hydrological connectivity, contributing source areas, and dissolved P flux transmission to the rivers (Richards et al., 2009; Smith et al., 2015a Smith et al., , 2015b . The rising dissolved P fluxes therefore likely reflect a combination of well-intended watershed management practices designed to improve water quality and secure farm profitability but that were poorly coordinated, probably exacerbated by an increase in the intensity and frequency of storm events .
These recent experiences in the Lake Erie watershed illustrate the challenge and importance of developing integrated, coherent policies to address the much broader issue of improving the resilience of water, food, and energy systems. The Lake Erie case study highlights how separate policies intended to support crop production (tile drainage) and conservation to minimize water quality impairment (no-tillage) may interact, leading to unexpected tradeoffs and detrimental impacts (Daloglu et al., 2012; . With hindsight, tradeoffs for water quality arising from increasing crop production yields in the Lake Erie watershed might have been anticipated earlier by taking a more integrated view of watershed activities and management practices. Indeed, tradeoffs might have been averted at an earlier stage by small refinements in practice, such as subsurface placement of fertilizer with minimal disturbance of the surface residue, along with occasional tillage, to help reduce soil stratification. Further, there needs to be greater integration of programs among watershed activities to avoid conflicting agendas that give rise to the seemingly unintended environmental consequences recently observed in the Lake Erie Watershed (Kleinman et al., 2015) .
Toward Future Sustainable Phosphorus Management: Building Resilience across the Water-Energy-Food Security Nexus
A key challenge facing sustainable P management is that the costs of inefficient P use and losses of P to the aquatic environment, including long-term or off-site environmental impacts, have never been adequately accounted for at the farm level. Annual P losses from agriculture typically represent only a small proportion of the annual P fertilizer applied by farmers and of production costs. In the Lake Erie watershed, environmentally damaging P losses account for less than 1% of the annual P fertilizer applied (Baker and Richards, 2002; Daloglu et al., 2012) . Without subsidies or incentives for implementing conservation measures, there is no economic motivation for farmers to address these P losses. Moreover, P fertilizer is commonly applied as "insurance" for maintaining crop yields. It may be hard to convince farmers to voluntarily use less P fertilizer when crop prices have been driven up by demand for biofuel crops and when farmers are highly averse to the risk of compromising yields.
The impacts of P loss on water quality impairment tend to be cumulative at the watershed and river basin scales and as the scale of water quality tradeoffs increases. It therefore becomes increasingly difficult to assign individual responsibility and thereby recoup the costs of water quality impairment (Power, 2010) . Rather than attempting to make the polluter pay, it is usually more effective to incentivize improvements in practice through subsidies and support for conservation practices . Although there are broad, universal strategies involving the careful use and reuse of P, the best way of implementing these strategies will vary with the characteristics of land management, climate, weather, farming system, and time of year. As highlighted above, remedial strategies need to be carefully targeted and based on local knowledge and conditions (Kleinman et al., 2011a (Kleinman et al., , 2011b Sharpley et al., 2011) . Beneficial management practices and solutions will need to take account of, and adapt to, wider watershed activities to avoid potential antagonism and tradeoffs between land management practices addressing differing priorities and objectives (Collins et al., 2014; Doody et al., 2014) . The dramatic increases in dissolved P loss from Lake Erie watersheds and the corresponding impacts on lake eutrophication are a timely warning of how water quality and security benefits can unexpectedly turn to tradeoffs as a result of interactions between separate land use practices designed to minimize soil erosion and improve food and biofuel crop yields.
To address potential disconnects in policy and practice among food and biofuel production and water resource protection, Integrated River Basin Management may offer a way forward (Orr et al., 2007; Nielsen et al., 2013) . This provides a platform for bringing together stakeholders from across the spectrum of watershed interests (e.g., agriculture, industry, municipalities, and environmental protection) to develop integrated longterm planning for sustainable management of land and water resources and requires a broad range of biophysical and socioeconomic knowledge (Medema et al., 2008; Jordan et al., 2012) . Cross-compliance also offers a means of increasing policy coherence between the water, biofuel energy, and food security spheres. Cross-compliance directly ties agricultural production subsidies and support for food and biofuel crop production to defined standards of land and water management. Within the European Union, for example, cross-compliance was introduced in 2003, tying European Union support to farmers to set of rules on "good agricultural and environmental condition" (DEFRA, 2014; Meyer et al., 2014) . The criteria for "good agricultural and environmental condition" are designed to protect and enhance key ecosystem services that support and deliver multiple benefits across the water-energy-food security nexus. These include minimizing soil erosion and nutrient loss, maintaining soil organic matter and soil structure, ensuring minimum levels of land maintenance, avoiding the deterioration of habitats, and protecting and managing receiving waters (Aviron et al., 2009) . To ensure that policy and management practice are on the right track, adaptive management offers iterative processes of monitoring, anticipating, adapting, and fine-tuning land management practices (Medema et al., 2008; Kominami and Lovell, 2012; Sharpley and Jarvie, 2012) . Adaptive management detects and provides an early warning when small, but significant, incompatibilities in agricultural management practices start to produce environmental tradeoffs, such as water quality degradation.
Maximizing the synergies in sustainable P management will involve strengthening connections with the other pillars of support for water, energy, and food security, particularly by sustaining the vital ecosystem services that underpin the nexus. For example, another important factor for soil quality and sustainable crop production is balancing sufficient C input with limited N and P losses. Soil C plays a vital role in soil quality and provisioning services that support food and biofuel crop production and by securing regulating services related to water retention and reduced soil erosion. Achieving synergies will require improved understanding of the interactions and mechanisms that drive and sustain multiple ecosystem services and how these change through space and time (Bennett et al., 2009; Balbi et al., 2015) .
Achieving better P use efficiency will necessitate coordinated measures to minimize P losses and water quality impacts while maximizing the productivity and profitability of farming, food, and biofuel production systems. This will involve greater recycling of P in manure and in human and food waste, retaining P within the soil and increasing its availability for plant uptake. Management options will need to be pragmatic, workable, and affordable for farmers who are already under increasing pressures to meet production and environmental targets. The contributions of sustainable P management within the waterenergy-food security nexus may perhaps be envisaged as building and strengthening this support network (Fig. 1) through suites of practices that capitalize on P recycling opportunities and build spatially and temporally precise BMPs. These will need to cross-link between the supporting pillars of the nexus, building a network that secures the stability and resilience of water, energy, and food systems while providing the flexibility needed for the growth, development, and adaptation of the nexus to meet future socio-economic and environmental challenges.
Conclusions
Although many factors influence water, energy, and food security, P is pivotal to the nexus of water, energy, and food security, and increasing demands for P to underpin food and biofuel security are threatening the resilience of this nexus. As a result, the balance has shifted toward greater P losses, water quality impairment, and reduced water security and an accelerating dependence on inorganic fertilizers from finite, nonrenewable geological phosphate rock reserves. Using the United States as an example, we have shown how restructuring of agriculture to achieve greater food security has created new inequalities in P production and demand through the decoupling of livestock and crop production. We have highlighted a wide range of water security tradeoffs arising from the breakdown in local P cycles. These tradeoffs are a direct consequence of reduced recycling of P in manure and human wastes back to cropland. Tradeoffs are increasingly compounded by the expansion in biofuel crop production, which has hiked commodity prices, incentivizing farmers to increase production and yields at the expense of conservation measures.
Opportunities are emerging that may help to transform some of these tradeoffs into synergies for improved water, energy, and food security. For example, economies of scale associated with the spatial concentration and specialization of intensive livestock operations can offer cost-effective opportunities for manure processing and production of highervalue recycling products. Overall, the stability and resilience of the water-energy-food security nexus will be determined in large part by understanding the connections between P and the rest of the nexus and then managing those connections accordingly. Policies and initiatives to promote food and energy security, via agricultural intensification, will need to be better coordinated and tied inextricably and financially with P recycling and implementation of land and soil conservation measures to address both elements of the P paradox: the long-term P scarcity and P overabundance impairing water security. Furthermore, policies and initiatives for improved P management will also need to be coordinated with sustainable management practices for a wide range of other factors that support water, energy, and food systems. Improving resilience in water, energy, and food security systems through sustainable intensification and sustainable P management will be critical because the well-being of future generations depends on the continued and affordable availability of each component within the water-energy-food security nexus.
